Recent results show that in the developing Drosophila wing, the secreted pioneer protein Fringe regulates the sensitivity of the Notch signaling pathway to different ligands. This provides a likely mechanism by which Fringe-like molecules may control patterning in both Drosophila and vertebrates.
The family of Notch-like transmembrane receptors is characterized by several conserved features [1] . Recent evidence suggests that functional Drosophila and vertebrate Notch proteins are heterodimers made up of an extracellular fragment and a linked transmembrane-intracellular fragment; both produced in the Golgi from the full-length Notch product [9] . The extracellular fragment contains a number of EGF-like repeats that mediate ligand binding. Much, although perhaps not all, of Notch activity is transmitted by ligand-dependent activation of the Suppressor of Hairless transcription factor, homologous to the vertebrate RBP-Jκ/KBF2/CBF1 proteins [1, 10] .
Delta and Serrate are similar molecules with features also present in other putative Notch ligands. They are transmembrane proteins, again containing a number of extracellular EGF-like repeats, and an extracellular Delta/ Serrate/Lag-2 (DSL) region; none contains an extensive intracellular region like that characteristic of the Notch-like receptors [1] . Other members of this family include the C. elegans molecules Lag-2 and Apx-1, and a number of vertebrate Delta and Serrate/Jagged molecules. Not only are the ligands structurally similar, but some appear to be functionally redundant. For instance, both Delta and Serrate can activate Suppressor of Hairless, and during Drosophila neurogenesis Serrate can largely substitute for Delta [1, 3] .
Nonetheless, the existence of multiple Notch ligands suggests that each might have a distinct role. In Drosophila, mutants lacking Delta or Serrate have different phenotypes. Often the differences are due to different expression patterns, but close examination shows that the patterns of ligand expression do not always correlate with the pattern of Notch target gene expression. This is true even when abundant Notch is present, and when cells are capable of responding to Notch signaling. This is most easily understood if other molecules can modify the interactions between Notch and its ligands. Fringe appears to do exactly that.
Notch and the wing margin
To understand the evidence, we must review the development of the Drosophila wing margin [11, 12] . The wing of Drosophila develops from the wing imaginal disc, a singlelayered epithelial sac (Figure 1 ). The wing disc is established during embryogenesis as an anlage -or primordium -of about 20-40 cells. During the three instars of larval development, this anlage proliferates to form a mature, late third instar disc of approximately 50,000 cells. During metamorphosis, the disc everts and lengthens, folding back upon itself to form the dorsal and ventral epithelia of the wing blade. The blade is entirely ectodermal, containing no mesodermal tissues, and the wing margin is formed at the boundary between dorsal and ventral epithelia.
Characteristic dorsal and ventral rows or margin bristles arise just to either side of this boundary during late third instar and early pupal stages (Figure 1 ). The earliest events of margin specification, however, occur well before this, during the middle of the second instar when the disc contains approximately 200 cells. At this stage, the disc becomes subdivided into dorsal and ventral compartments by the dorsal expression of the Apterous transcription factor. It is the boundary of apterous expression that triggers margin development. Margin-specific genes become expressed at higher levels just to either side of the boundary (Figure 1) . Moreover, when a novel Apterous boundary is induced, by creating a dorsal 'clone' or patch of cells lacking wild-type apterous, novel margin bristles and margin-like gene expression are induced just inside and outside the clone. This is most easily understood if Apterous controls the ability of cells to send and receive two types of signal: dorsally produced signals that can only be received by ventral cells, and ventrally produced signals that can only be received by dorsal cells. This would result in the symmetrical activation of margin differentiation on either side of the compartment boundary.
Notch appears to be the receptor for both signals. It has been known for some time that Notch has a role in margin development, as reductions in Notch activity result in the loss or 'notching' of the wing margin from which the gene gets its name. Notch is ubiquitously expressed in the developing wing, and work from several laboratories has shown that Notch signaling is necessary and sufficient for margin-like development in both dorsal and ventral cells [2, 3, 12] . Moreover, the margin-specific expression of several genes is directly triggered by Notch. Several margin-specific enhancer-LacZ constructs contain Su(H) binding sites, which are required for expression along the Apterous boundary. Serrate is likely to provide the dorsalto-ventral signal; it is expressed throughout the dorsal compartment until late in development, and misexpression induces margin-like development in ventral, but not dorsal, cells. Delta may be acting as a ventral-to-dorsal signal; while its expression pattern is less clearly defined, in early third instar it is expressed at higher levels ventrally, and misexpression induces stronger margin-like development dorsally than ventrally.
The role of Fringe
But what limits Notch activation to the dorso-ventral boundary? Both ligands are too widely expressed to account for this localization. What prevents dorsally expressed Serrate from signaling to dorsal cells, and ventrally expressed Delta from signaling to ventral cells? The data on Fringe made it a likely candidate to play this role. The fringe gene is expressed dorsally under the control of Apterous, and encodes a novel secreted protein [2, 13] with some similarity to glycosyltransferases [5, 14] . As with apterous, ectopic fringe boundaries can induce marginlike development; dorsal clones lacking fringe induce a 'fringe' of margin bristles just inside and outside the boundaries of the clone [13] , and ectopic expression of fringe in the ventral compartment induces an ectopic margin at the expression boundary [15] . If dorsal Fringe could inhibit reception from dorsally produced Serrate, but increase reception from ventrally produced Delta, then Notch activation would be highest just to either side of the dorso-ventral boundary (Figure 1 ).
The two recent studies [2, 3] demonstrate that Fringe can modify the effects of Delta and Serrate signaling in exactly the predicted manner. In mutants where the dorsal expression of fringe is reduced, ectopically expressed Serrate activates Notch targets not only in ventral cells, but now in dorsal cells as well. Conversely, ectopic fringe expression in ventral cells decreases the effects of ventral Serrate misexpression, but increases the effects of ventral Delta misexpression. As the effects are ligand-specific, it is hard to see how they could be caused by a general increase or decrease in Notch signaling.
Serrate is likely to be cell-bound, so its effects are shortrange. That dorsal Serrate can signal to ventral cells suggests that the effects of dorsal Fringe expression must be Dispatch R687
Figure 1
A model for dorso-ventral signalling and margin induction in the Drosophila wing [2, 3] . At the top is a diagram of late third instar wing disc. Expression of apterous (orange) defines the dorsal compartment. Margin-specific gene expression (green) -vestigial, wingless, Enhancer of split, cut -straddles the dorso-ventral boundary within the prospective wing blade. Below is illustrated a model for dorso-ventral signaling. Serrate (blue) is expressed throughout the dorsal compartment and signals to ventral cells adjacent to the dorso-ventral boundary, increasing Serrate-dependent Notch activity (grey). However, dorsal Fringe (yellow) reduces or blocks Serrate signaling to dorsal cells. Delta is expressed both dorsally and ventrally, but with a ventral emphasis (red) near the dorso-ventral boundary [17] . Dorsal Fringe strengthens Delta signaling; the highest Delta-dependent Notch activity is triggered in dorsal cells near the boundary. The total Notch activity is thus highest on either side of the boundary, leading to higher marginspecific gene expression and differentiation, and as well further heightening Serrate and Delta expression near the margin [2, 16] [2] . The simplest hypothesis is that Fringe directly binds to Notch or Notch-ligand complexes, decreasing the effectiveness of Notch-Serrate binding and increasing that of Notch-Delta binding ( Figure  2a) . However, no direct interaction has yet been demonstrated between Fringe and Notch or a Notch ligand. Thus, it is also possible that Fringe acts indirectly, perhaps even by signaling in an autocrine fashion to trigger some modification to Notch (Figure 2b ). It should also be pointed out that the recent results do not rule out additional roles for Fringe signaling.
How are the two Notch ligands distinguished? Interestingly, the critical difference between the ligands apparently lies not in the EGF repeats, but further towards the amino terminus, in the region that contains the DSL motif. Normally, Serrate has no effect dorsally and is sensitive to Fringe levels [2, 3] . However, misexpression of a chimeric Delta-Serrate molecule, containing an aminoterminal portion of Delta -including the DSL domain but not the EGF repeats -and the EGF and transmembrane regions of Serrate, can induce a dorsal phenotype and is unaffected by reductions in Fringe activity [3] .
Boundaries and domains
One interesting feature of these and other recent studies is the emphasis on ligand boundaries, rather than domains, as regions of high receptor activation. In the model outlined above, the strongest Notch signaling is not triggered throughout the domain of ligand expression. Rather, it is triggered at the boundary; the coincident dorsal expression of Serrate and Fringe makes this possible. In the wing, this may be further accentuated by a positive feedback loop between Notch activity and ligand expression. While initially ligand expression is widespread, between midsecond and mid-third instar the expression of Serrate and Delta becomes increasingly localized to those cells near the margin. The expression of both Delta and Serrate is increased by experimentally increasing Notch activity [2, 16] . Thus, it seems likely that the initial Notch activity at the margin increases the margin expression of Delta and Serrate, further increasing Notch activity, leading to even higher levels of localized ligand expression, and so on. This feedback could also explain why an ectopic margin is formed only at the boundaries of clones lacking wild-type fringe, rather than throughout the clone.
There is a second way in which Notch activity can be limited to ligand boundaries, and that is through the ligands themselves. In some cases, increasing the levels of Notch ligands, either by misexpression or by gene duplication, can lower apparent Notch activity [10, [15] [16] [17] . This effect is seen not only after inducing abnormally high levels of ligand expression, but also in regions expressing high but normal levels of ligand; Notch targets are activated in these regions only when such expression is lowered. Oddly, this effect is cell autonomous: cells with high levels of ligand can signal to adjacent cells, but are themselves incapable of receiving the signal. The highest level of Notch activity thus occurs at a boundary of ligand expression, in the cells expressing lower levels of ligand. As fringe expression is not changed by ligand misexpression [15] , this effect is likely to be induced by some as yet unknown mechanism.
Fringe in vertebrates
Three Fringe-like molecules have been identified in vertebrates: Radical Fringe, Lunatic Fringe and Manic Fringe [4] [5] [6] [7] [8] . It was shown recently that, in the chick limb bud, just as in the Drosophila wing, boundaries of radical fringe expression play a crucial role in patterning [5, 6] . Can we also understand these results in terms of Notch activity? Unfortunately, there has been little experimental analysis of the role of Notch-like molecules in the vertebrate limb. However, the relationship between Radical Fringe and Notch ligand expression is intriguing [5, 6] ( Figure 3a) . Radical Fringe and Serrate-2 are both expressed throughout the AER after it is formed. If we follow the parallel with the Drosophila wing precisely, the dorsal and AER expression of Radical Fringe would stop Serrate-2 from activating Notch in the AER, but allow Serrate-2 to signal to ventral cells immediately outside the AER. It is difficult, however, to extend the parallel much further. At this point, the only expression pattern for a Notch-like gene in the limb that has been described -that of Notch-1 -is also limited to the AER. And no Delta-like gene expression has been described adjacent to the AER that would allow signaling back to radical fringe-expressing cells.
Do all Fringe-like molecules decrease all Serrate-like signaling and increase all Delta-like signaling? At this point, too little is known about the specificity of FringeNotch ligand interactions to come to any firm conclusion, especially as the specificity does not appear to reside in the part of the ligand used to determine its homology.
Moreover, the existence of at least three Fringe-like molecules in vertebrates raises the possibility that different Fringe proteins might have different specificities. In the developing chick neural tube, the general scheme outlined for the Drosophila wing is conserved: lunatic fringe is expressed in a pattern that is coincident with that of one ligand but complementary to another (Figure 3b) . Here, however, the relationship observed between Radical Fringe and Serrate-like molecules is reversed: lunatic fringe is expressed in striking anterior-posterior running stripes that are coincident with the expression of Delta-like-1, but complementary to the stripes of Serrate-1 expression [6] .
A different specificity is not, however, the only explanation for this different relationship. Perhaps, in some tissues, Fringe-like molecules do not limit signaling to boundaries, but rather increase signaling throughout an overlapping domain of ligand expression. If so, we might expect the relationships between the expression patterns of specific Fringes and specific Notch ligands to differ from tissue to tissue. Such differences have been observed in developing mice [7, 8] . In the neural tube, for instance, the expression patterns of lunatic/manic fringe and Jagged-1 complement each other, whereas in other tissues they are coincident. More surprisingly, the relationships between the expression patterns of specific Fringes also vary from tissue to tissue. In some tissues, the expression of lunatic fringe complements that of radical/manic fringe, while in others the expression patterns overlap. The reason for such complex variability is unknown. 
